Abstract -The aim of the study is to determine whether and to what extent it is possible to use excess electricity produced by wind power plants during low demand periods for district heat production by heat pumps. Energy system analysis on an hourly basis is conducted at various capacities of wind power plants. The results show that it is possible to increase the share of renewable energy sources, decrease the use of primary energy sources and CO 2 emissions per unit of the produced energy, i.e. heat and electricity, by using the surplus electricity produced by wind power in the heat pumps combined with the heat storage.
I. INTRODUCTION
Although the potential of district heating systems to integrate various renewable energy technologies with an intermittent production character is immense, it is as yet underdeveloped. District heating systems should play a considerable role in creating sustainable energy systems in the future. The heat supplied from district heating systems took circa 12% of the total energy end-use in Latvia during 2008 [1] . The share of district heat in the end-use was only about 7% smaller than for electricity. However, only 16% of the district heat was produced from renewable energy sources (RES). Techno-economic calculations show [2] that the investments per 1 MWh of energy produced from RES in wood-fired boiler houses and cogeneration plants (CHP) are lower than those for other renewable technology alternatives. Therefore, an increase in the share of biomass in district heating systems would economically be one of the most optimal paths in changing the country's energy balance in favour of RES in the near term. However, an increase in the use of biofuel is not the only way to strengthen energy independence by utilizing the opportunities provided by district heating systems.
As the share of electricity produced by wind power plants (WPP) continues to increase, solutions for using that power during hours of low demand will become increasingly important. The surplus electricity can be exported but the export of the electricity may be constrained by technical limitations of the electrical networks, or it can be an economically unattractive option, compared to using it within the domestic energy system, due to low price. Therefore, integration of intermittent renewable energy technologies on a large-scale requires flexible consumers which are able to adapt their consumption to the supply from those sources. District heating to a certain extent is able to serve as a flexible consumer of electricity and to participate in the solution of any mismatch between supply and demand of the electricity produced from RES.
The aim of this work was to determine to what extent a district heating system, in combination with heat pumps and heat storage, can serve as a flexible user of wind power in the Latvian energy system. This study was inspired by the study made for the energy system of Denmark [3] with the purpose to analyze national strategies for large-scale integration of RES technologies. The present study aims to determine whether and to what extent it is possible to increase the share of RES, decrease the use of primary energy sources (PES) and CO 2 emissions per unit of produced energy in the Latvian district heating and power sectors by using electricity produced by WPP in heat pumps. The ultimate goal of the study is to increase the role of district heating systems in advancing to more sustainable energy supply systems.
II. METHODS
Modeling of energy systems with large capacities of renewable energy technologies with intermittent character has to be done with the sufficiently small time-step of calculation. The sufficiently small time-step of calculations allows considering the demand-supply dynamics of electricity and heat supply systems with required precision and arrive at accurate integral values obtained for one year. The Energy System Analysis Model "EnergyPLAN" [4] which is developed at Aalborg University in Denmark was chosen as the modeling tool. "EnergyPLAN" is used for the analysis of large-scale WPP integration into energy systems in combination with other renewable energy technologies, energy storage and transport systems in Denmark and other countries [5] [6] [7] [8] [9] . The tool is well suited and used for the characterization of energy supply scenarios which are 100% based on RES in several countries [10] [11] [12] [13] [14] . The strength of the model is the ability to include a combination of various energy and transport technologies in the analysis, consider energy consumption and supply situation on an hourly basis, perform analysis and optimization under various conditions, and obtain a variety of important technical, economical and environmental characteristics of the studied system. The studied energy system included only district heating and power supply systems, and energy conversion facilities are characterized in Table 1 for the reference case. Table 1 approximately reflects the existing energy conversion units in the district heating and power sectors of Latvia, with the addition of a new gas turbine combined cycle CHP plant which is currently under construction. The study is made under the assumption that annual gross electricity consumption is 15% greater than in 2008, i.e. 9 TWh, and the annual gross district heating demand is nearly 20% lower than in 2008, i.e. 6 TWh. These assumptions correspond to the possible energy system around the year 2020. It will take some time before large capacities of WPP can be added to the energy system, and it can be expected that, due to energy efficiency measures, the district heat consumption may decrease, in spite of new heated space construction during this time. The opposite is expected regarding electricity consumption and, although energy efficiency will also increase in the power sector, electricity demand will most likely go up along with economic expansion. Industrial development, an increased demand for comfort and entertainment in the household sector with improved living standards are the main reasons for growth of electricity demand.
Electricity and heat demand load profiles, as well as the distribution of hydro and wind production on an hourly basis for the year 2008 are used in the calculation. The analysis is performed with the aim of the technical optimization, which means that electricity import/export is brought to a minimum and the solution with the least fuel consumption is sought. This approach differs from the market-economic optimization allowed by the model where the least-costly solution on the basis of the economic costs of each production unit is obtained. For the scenarios without the heat pump, the technical regulation strategy 1 is chosen in which units produce solely according to heat demand [4] . In the district heating systems where CHP units are installed, these units are given priority in dispatching of the heat supply sources. The heat pumps are dispatched afterwards and only then the heat produced by the peak load boilers is added if necessary. If there are no CHP plants in the system, heat supply is only provided by boilers. Then, the capacity of WPP is added to the reference system with increasing size, and the system is analyzed under the conditions of the increased WPP production. The possibilities to use excess WPP electricity in district heating systems are analyzed in the scenarios with an added heat pump and heat storage systems using technical regulation strategy 2 [4] . This strategy means meeting both heat and electricity demand by minimizing the export of electricity mainly by replacing CHP heat production by heat pumps. Thus, electricity consumption is increased simultaneously with a decrease in the electricity production of CHP plants. The power produced in condensing mode covers the difference between demand and production from renewable energy technologies and CHP in both types of scenarios. If the condensing capacity is not sufficient to cover that difference, the electricity is imported.
The total installed heat capacity of heat pumps is 975 MW, which is 42% of the maximum heat load of the district heating systems, and this remains constant as the WPP capacity is increased. The chosen coefficient of performance (COP) for the heat pumps is 3. To maintain this COP value, heat pumps have to produce heat at low temperatures and, therefore, the maximum share of heat pumps at any hour is limited to 50% of the total heat demand. The capacity of the heat storage is 23 GWh which corresponds to approximately one day heat consumption during the winter period. The role of heat storage is to accumulate the excess heat produced by heat pumps during surplus WPP production periods, as well as allow using extra CHP capacity to replace condensing power production when such opportunities arise.
III. RESULTS AND DISCUSSION
As demonstrated (Fig. 1) , when the heat pumps are added to the energy supply system, the volumes of the net export are considerably lower compared to the system without the heat pumps. However, a significant portion of the reduction of the net export is due to reduced CHP production in the scenarios with a heat pump as clarified in the description of the technical regulation strategy 2 used in the modeling. This means, that less electricity is produced in the system with heat pumps installed, while the total district heating production is equal in these systems. Therefore, comparison of important In the system with heat pumps (HP) total primary energy resource (PES) use for production of electricity (E) and district heat (Q) is lower than for the system without HP.
Thus, when total consumption of primary energy sources is calculated per unit of energy, i.e. electricity and heat combined, the scenarios produced with a heat pump show a reduction of the specific PES consumption (Fig. 2) . The difference becomes greater as the installed capacity of WPP increases. 
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Without HP With HP Fig. 3 . In the system with heat pumps (HP) share of renewable energy sources (RES) in the total primary energy resource (PES) use is higher than for the system without HP.
The use of heat pumps leads to the increased share of renewable energy sources in the total primary energy use (Fig.  3) . Even biomass-fired CHP plants have reduced output in the scenarios with the heat pumps. Another important environmental parameter for the comparison of both scenarios is the emissions of carbon dioxide per unit of produced energy, i.e. electricity plus heat. The installation of heat pumps for utilizing the excess WPP production also helps to improve the energy supply system from the perspective of CO 2 emissions (Fig. 4) . The extent of replacement of the fossil-origin electricity produced by CHP and condensing capacities grows as the WPP capacities increase, leading to the increased share of the renewable energy sources and the reduced CO 2 emissions (Fig. 3, 4) .
It is very unlikely that the total installed capacity of WPP around the year 2020 (electricity and heat demands used for calculations are the expected demands during this time) will exceed 1000 MW. Therefore, the sources and mix of primary energy sources for heat and electricity production are analyzed for the system with 1000 MW of WPP installed capacity in more detail.
When heat pumps with the total installed capacity 975 MW and the heat storage with 23 GWh are combined with 1000 MW of WPP, the heat pumps are able to produce approximately 19% of the total district heat production (Fig.  5) . Heat pumps take the share previously supplied by the CHP equipment and boilers. The use of heat pumps reduces electricity production and net export (Fig. 6 ) due to the cut-back of the CHP production and an increased domestic electricity production. Electricity production in the condensing mode is affected very little by HP addition (Fig. 6) , since most of the condensing production takes place during the period from June to October when WPP . Total electricity production and net export is reduced when heat pumps (HP) are installed in the system. Electricity produced in the condensing mode falls only slightly but the shares of wind power (WPP) and hydro power (HPP) in the electricity production increases.
Since CHP energy production is partly replaced by WPP, and a large part of CHP production is based on natural gas, the share of renewable energy sources in the total energy (heat and electricity) is larger in the system with heat pumps (Fig.  7) . With heat pumps, the share of natural gas in district heat and electricity production decreases from 63% to 59%, while the share of renewable energy sources (biomass includes wood fuel and biogas) goes up (Fig. 6) . 6 . Use of heat pumps (HP) allows decreasing share of the natural gas and increasing share of the renewable energy sources (RES) for heat (Q) and electricity (E) production. Due to replacement of CHP and boiler production with wind power, total primary energy consumption (PES) per unit of energy (heat plus electricity) decreases. Biomass includes wood fuel and biogas.
1 TWh of electricity produced by WPP and HPP are accounted as 1 TWh of primary energy used in the calculation. The results reveal (Fig. 6 ) that primary energy used per one unit of energy (heat combined with electricity) is decreased by 7% in the studied system with the heat pumps. Thus, the analyzed solution allows not only to reduce the share of the natural gas, but also the total primary energy consumption per unit of produced energy. It has to be noted, that the "quality" of produced energy decreases in the system with heat pumps, i.e. the heat to power ratio of the whole system decreases from 1.8 to 1.6, since less power is produced based on the same amount of district heat production. However, this deficiency may not be as important as the increase in the share of renewable energy sources.
IV. CONCLUSIONS
The presented study proves that district heating systems in combination with wind power plants, the heat pumps and the heat storage can increase the share of renewable energy sources in the energy systems. The studied combination improves environmental characteristics, i.e. emissions of carbon dioxide and the use of primary energy sources per unit of energy, which is produced by the energy system with utilization of the excess wind power production. Thus, the considered solution with employment of heat pumps, leads to displacing of natural gas wind power which otherwise may be even lost, if there is no use for the wind power during low consumption hours. The results show that energy companies and energy policy makers should be aware of the opportunities provided by district heating systems to create more sustainable energy systems. Further research on the subject should seek to optimize the share of heat pumps and storage capacity within the energy system by considering environmental and economic benefits when installation of these systems is considered.
